Transcatheter aortic valve implantation has become an alternative to surgery in higher risk patients with symptomatic aortic stenosis. The aim of the ADVANCE study was to evaluate outcomes following implantation of a self-expanding transcatheter aortic valve system in a fully monitored, multi-centre 'real-world' patient population in highly experienced centres.
Introduction
Despite advances in cardiac surgery and low mortality rates after conventional aortic valve replacement, up to one-third of patients with symptomatic aortic stenosis are not considered for surgical valve replacement, often due to frailty and co-morbidities. 1, 2 Transcatheter aortic valve implantation (TAVI) enables treatment of aortic stenosis without open heart surgery. 3 -15 Recently, balloon-expandable TAVI has been shown to be superior to the standard medical therapy for inoperable patients and to be noninferior to surgical aortic valve replacement in high-risk patients with aortic stenosis. 16 -19 In addition, recent registries including FRANCE 2 suggest that TAVI using the self-expanding CoreValve System (Medtronic, Inc., Minneapolis, MN, USA) appears to represent an alternative option for the treatment of aortic stenosis in elderly high-risk patients. 10, 11, 13, 20 However, most of the published TAVI registries lack rigorous monitoring and central adjudication of events, which might lead to an underreporting of events. In addition, some of the centres contributed data despite the fact that they were still proctored or on the learning curve. 10, 11, 13, 20 Therefore, the CoreValve ADVANCE study was designed to evaluate clinical outcomes following TAVI using the CoreValve System at experienced implanting centres, with adverse event adjudication by an independent Clinical Events Committee according to the original definitions of the Valve Academic Research Consortium (VARC-1). 21 
Methods
Patients ADVANCE (trial registration can be found at http://clinicaltrials.gov/ NCT01074658) is a prospective, multi-centre, fully monitored, nonrandomized study that included 44 sites in 12 countries where the CoreValve System was commercially available. Centres were required to have an on-site multidisciplinary 'Heart Team' comprising at least one TAVI-experienced interventional cardiologist and one cardiothoracic surgeon. In addition, the team had to be independent from proctoring, and have a total TAVI experience of at least 40 cases before joining the ADVANCE study.
The ethics committee at each study centre approved the investigational protocol. The study was conducted in adherence to the Declaration of Helsinki and all the patients were informed of the nature of the study and provided a signed consent form at least 1 day prior to the CoreValve implantation procedure. Patients were assessed at 30 days and 12 months following the procedure.
Real-world patients with severe symptomatic aortic stenosis, who were considered inoperable or at a higher risk for conventional aortic valve replacement and were anatomically acceptable candidates for elective treatment with the CoreValve System, were considered for enrolment. Only patients currently participating in another trial, patients who were unwilling or unable (e.g. patients with dementia or those not able to comprehend the scope of their participation in the study) to provide written informed consent were excluded from study participation prior to the TAVI procedure.
Patient enrolment continued until 1000 consented patients had undergone an implantation procedure.
Study devices and procedures
Detailed device description and implant procedures for the CoreValve System have been previously described. 3, 5, 22 The method used to assess the aortic annulus and the size of the access vessels was left to the discretion of the operator. Implantations were performed with the 18F delivery catheter, later improved by the AccuTrak Stability Layer (Medtronic). Two valve sizes (26 and 29 mm) were available for an aortic valve annulus size ranging from 20 to 27 mm. The location (transfemoral, direct aortic, and subclavian) and the type of access (surgical cut down or completely percutaneously) and the type of anaesthesia (general or deep sedation) were left to the discretion of the Heart Team. Aortic regurgitation was assessed by angiography after implantation while still in the procedure room. Each centre managed patients with residual aortic regurgitation (AR) following TAVI per standard local procedures, which could include snaring, post-dilatation and implantation of a second CoreValve as a valve in the valve procedure. Aortic regurgitation after implantation of the CoreValve System was assessed by transthoracic echocardiography and classified by a local, experienced echocardiographer according to the recommendation of the European Association of Echocardiography (none, mild, moderate, or severe). 23 Medications, including antiplatelet and anticoagulation therapies, were administered based on hospital-specific procedures.
Study endpoints
The primary endpoint was major adverse cardiac and cerebrovascular events (MACCE) at 30 days post-procedure defined as a composite of allcause mortality, myocardial infarction (Q-wave and non-Q-wave), stroke, or reintervention. Secondary safety endpoints included the individual components of MACCE; cardiovascular mortality, the composite of stroke and all-cause mortality; and bleeding at 30 days and 12 months. Secondary endpoints included procedural and device success and New York Heart Association (NYHA) functional class at discharge, 30 days and 12 months. Device success is defined as meeting the following criteria; successful device delivery, stable device placement, intact retrieval of the delivery catheter, and successful device function as assessed immediately post-procedure by angiography including non-compromised flow in the coronary arteries, no device migration, and a mean AV gradient ,15 mmHg as determined invasively with ≤ grade 2 AR. Procedure success is defined as device success in the absence of in-hospital MACCE.
Surgical risk factors
The surgical risk for each patient was evaluated using the Society of Thoracic Surgeons (STS) Score and the logistic European System for Cardiac Operative Risk Evaluation (EuroSCORE). Both instruments are reported on a scale from 0 to 100% with higher values associated with a greater risk.
To determine whether patients at low-and high-risk (according to the logistic EuroSCORE) benefit equally from the TAVI procedure, we divided the patient population into three groups: logistic EuroSCORE ≤10% (group 1), .10% but ≤20% (group 2) and .20% (group 3).
Study oversight and data management
The study Steering Committee and the sponsor (Medtronic) designed the protocol and case report forms. Source documentation for all the patients was fully monitored, and compared with the database. All discrepancies were resolved prior to locking the database for this report. All primary endpoint events were adjudicated by an independent Clinical Events Committee comprising TAVI-experienced interventional cardiologists and a cardiac surgeon using the VARC-1 definitions. 21 All cerebrovascular events were adjudicated by an independent neurologist utilizing all available relevant source documents including neuroimaging and systematic National Institute of Health Stroke Scale assessments. A core laboratory (Cardialysis, Rotterdam, The Netherlands) performed systematic review and assessment of ECGs and procedural angiograms. Data were recorded Treatment of aortic stenosis with a self-expanding transcatheter valve on a standardized electronic case report form and sent to a central database (Merge, Chicago, IL, USA) over the Internet.
Statistical analysis
Categorical variables are reported as counts and percentages with asymptotic 95% confidence intervals (CIs) and group comparisons are based on logistic regression models. Continuous variables are reported as means and standard deviations with 95% CI and group comparisons based on general linear models. The logistic EuroSCORE and STS mortality are summarized using medians and inter-quartile ranges [quartile 1 (Q1) and quartile 3 (Q3)], and comparisons are based on non-parametric general linear models. Outcomes were calculated using Kaplan-Meier survival analysis and the log-rank test was used to test for differences across and between groups. Group pairwise comparison P-values are presented, if the overall P-values for differences across all three groups are ,0.05. Freedom-from-event curves were generated using the Kaplan -Meier method, and the log-rank test was used for comparisons across the EuroSCORE, AR, and PVL groups. For subjects without an event, the date of censoring was the latest date of all follow-up visits (including study exit) and events (including death). Univariable Cox regression models were used to evaluate potential predictors of 12-month mortality. Statistically significant variables with a P-value ≤0.05 from the univariable analysis were included in the multivariable model. Hazard ratios with two-sided 95% CIs were calculated. All tests were two-sided; however, P-values were not adjusted for multiple comparisons. For interpretation purposes, the pairwise comparison P-values should be compared with a Bonferroni-adjusted level of 0.05/ 3 ¼ 0.017. All analyses were performed using the SAS software (Version 9.2, Cary, NC, USA).
Results

Patients
From March 2010 to July 2011, 1015 patients were enrolled in the ADVANCE study (see Supplementary material online, Figure) . The mean age was 81.1+6.4 years (range 51-96 years) and 51% were female ( Table 1) . The baseline peak and mean aortic valve gradients were 75.9 + 25.1 and 45.6 + 15.5 mmHg, respectively, and the mean aortic valve area was 0.7 + 0.3 cm 2 . The median (Q1, Q3) logistic EuroSCORE was 16.0% (10.3, 25 .3%) and the median (Q1, Q3) STS score was 5.3% (3.6, 7.8%).
Procedural characteristics
Of the 996 patients implanted, 874 (87.8%) underwent implantation of the CoreValve System via the femoral approach, and 6 patients (0.6%) were implanted via the iliac approach for a total iliofemoral rate of 88.4%. The subclavian approach was used in 95 patients (9.5%) and the direct aortic approach in 21 (2.1%). Pre-TAVI balloon valvuloplasty was performed in 906 patients (91.0%). General anaesthesia was used in 445 of cases (44.7%), and a surgical cut down was performed to expose the access vessels in 6.3%.The procedural outcomes are reported in Table 2 .
Primary endpoint
The rate of the primary endpoint of MACCE was 8.0% (95% CI: 6.3 -9.7%) at 30 days and 21.2% (18.4-24 .1%) at 12 months (Tables 3 and 4; Figure 1A ). Tables 3 and 4 show all major safety endpoints at 30 days and 12 months. The rate of all-cause mortality was 4.5% (3.2 -5.8%) and 17.9% (15.2-20 .5%) at 30 days and 12 months ( Figure 1B) ; cardiovascular mortality was 3.4% (2.3 -4.6%) and 11.7% (9.4 -14.1%) ( Figure 1C ; Tables 3 and 4), VARC-defined major bleeding rates were 9.7 and 11.2%, major vascular complications rates were 10.9 and 12.0%, and the rates of acute kidney injury (stage III) 22 were 0.4 and 0.6%. The overall rate of stroke was 3.0% (2.0 -4.1%) at 30 days and 4.5% (2.9, 6.1%) at 12 months ( Figure 1D ; Tables 3 and 4); and the rates of major stroke were 1.2% (0. At discharge, 897 patients had echocardiographic measurements of total AR or had died ( Figure 2A ). There was no AR in 172 patients (19.2%); mild AR was present in 561 patients (62.5%), moderate AR in 138 (15.4%), severe AR in 2 (0.2%), and 24 patients had died (2.7%). For the 840 patients alive and with paravalvular AR (PVR) measurements at discharge ( Figure 2B) , there was no PVR in 206 patients (23.8%); mild PVR was present in 504 patients (58.3%), moderate PVR in 128 (14.8%), severe PVR in 2 (0.2%), and 25 patients had died (2.9%). In addition, there were 422 patients with paired AR data at discharge, 1 month, 6 months, and 12 months; and 352 patients with paired PVR data at these time points. Among patients with paired data, the proportion of patients with moderate total AR remained fairly constant ranging from 13.7% at discharge; 15.4% at 1 month, 13.3% at 6 months, and 13.5% at 12 months. To determine change in total AR, there were 561 patients with paired total AR data at discharge and at 12 months. Of these, 138 (24.6%) improved, 337 (60.1%) had no change, and 86 (15.3%) worsened. To determine change in PVR, there were 510 patients with paired PVR data at discharge and at 12 months. Of these, 136 (26.7%) improved, 289 (56.7%) had no change, and 85 (16.7%) worsened.
Secondary endpoints
Clinical symptoms
At baseline, 35 patients (3.5%) had NYHA class I symptoms, 168 patients (16.9%) were in NYHA class II, 672 patients (67.4%) in NYHA class III, and 122 patients (12.2%) in NYHA class IV. At 30 days, 84.2% of the followed patients were in NYHA class I or II and 86.9% at 12 months.
Pre-specified clinical outcomes by logistic EuroSCORE
The higher logistic EuroSCORE in group 3 was driven by the advanced age of the patients and the presence of more comorbidities when compared with group 1 ( Table 1) . At 30 days, overall survival and cardiovascular survival did not differ among the three patient groups ( Forty patients required use of a second CoreValve bioprosthesis (site-reported); 34 cases were due to malplacement of the first valve, of which 19 were due to valve insufficiency; and 6 cases were due to other reasons. In all cases the second CoreValve bioprosthesis was successfully implanted in the proper anatomical position. e Two patients died from severe, diffuse haemorrhage without evidence of vascular perforation at autopsy, 1 patient died from a rupture of the aortic arch, 1 patient died of acute respiratory failure, and 1 patient died secondary to right heart failure as a result of acquired ventricular septum defect most likely due to the post-dilatation of the Medtronic CoreValve prosthesis with an oversized balloon. f This patient had paravalvular regurgitation, which persisted in spite of correct transcatheter heart valve positioning and post-implant BAV. The AR did not improve, and based on the patient's clinical status, it was decided to implant a surgical valve. Deaths from unknown causes were assumed to be deaths from cardiovascular causes. g We observed 114 major vascular complication events in ADVANCE: vascular dissection (38), bleeding (22) , vascular perforation (14) , closure device failure (8), pseudoaneurysm (7), vessel occlusion (5), embolism or distal ischaemia (4), aortic rupture/dissection (4), access site/retroperitoneal hematoma (4), access site laceration (2), infection requiring surgery (2), access site rupture (1), and access site stenosis (1). months, a lower risk profile was associated with greater survival ( Table 4) .
Predictors of mortality
The predictors of mortality at 12 months are reported in Table 5 . In the multivariable model, besides a low baseline mean gradient, the occurrence of kidney injury stage III and moderate-to-severe AR at discharge (Figure 3 ) was identified as significant independent predictors of mortality at 12 months.
Discussion
The CoreValve ADVANCE study shows that treatment of 'realworld' inoperable or high-risk patients suffering from aortic stenosis with the CoreValve System-by an experienced TAVI team-is safe and associated with an improvement in aortic valve function in the presence of low stroke and mortality rates at 30-day and 12-month follow-up. Compared with previously reported non-randomized registries, ADVANCE is a robust study with several unique features it is the largest, multi-centre, prospective CoreValve TAVI study; it is fully monitored and the primary endpoint-related events were adjudicated by an independent Clinical Event Committee and all cerebrovascular events were assessed by a neurologist according to VARC-1 definitions; hence, the results are extremely robust. 8, 10, 11, 13, 14, 20 Overall mortality at 30 days was only 4.5% and therefore, considerably lower than reported for patients treated with the CoreValve System in the recently published FRANCE 2, the Italian, Belgian, UK, or German Registries. 10, 11, 13, 14, 20 This discrepancy cannot be explained by differences in the risk profile given that the logistic Euro-SCORE in our study is almost identical to that of the abovementioned registries. However, they contain data from early TAVI experience, in which the inexperience of the operators regarding patient selection, valve implantation and management of complications might have driven the early mortality. 3 -7,13 -15,20 Despite excellent procedural success, the rates of vascular and bleeding complications were higher in ADVANCE when compared with the above-mentioned registries. 10, 11, 13, 14, 20 This discrepancy might be partially explained by the following factors: we applied VARC-1 definitions to adjudicate ADVANCE study events, whereas some others did not. ADVANCE employed complete monitoring and adjudication of events by an independent Clinical Events Committee, which made it less likely that events were missed. However, in ADVANCE the higher major bleeding and vascular Figure 1 Kaplan-Meier time to event analyses for the primary select endpoints for all patients and according to logistic EuroSCORE (≤10%,
.10-20%, and above 20%). (A) The rate of the primary endpoint of major adverse cardiovascular and cerebrovascular events among patients in the ADVANCE study; (B) rates of death from any cause; (C) rates of death from cardiovascular causes*; (D) rates of stroke*. P-values represent comparisons among the three EuroSCORE groups using the log-rank test. *Per VARC-1 definitions. 21 complication rates compared with other studies might be also due to the fact that the methods to assess the access vessels size were left to the discretion of the operator. Moreover, the interventionalists were asked to follow the instructions for use of the CoreValve, which requires a minimal vessel diameter of 6 mm. Nevertheless, all of the commercially available sheaths are bigger than that and have an outer diameter of at least 7 mm. Especially in patients with circumferential calcification, aggressive advancement of the delivery sheath, which sometimes have a thicker shoulder at the tip, in a vessel that lost all its elasticity might have caused dissections, bleedings, and perforation. Careful assessment of the vasculature from the site of puncture up to the descending aorta is of utmost importance to prevent vascular and bleeding complications that are known to drive the mortality. This analysis should not be limited to the assessment of vascular size but should include amount and distribution of calcium as well as severity of kinking. Nevertheless, the mortality rate at 30 days was lower in ADVANCE when compared with other registries, which is consistent with the notion that the experience of the operators in ADVANCE to recognize and treat those complications might prevent a rise in early mortality. Moreover, the ADVANCE data underline that TAVI using the CoreValve System is in fact a remarkably safe procedure; there were no cases of annular rupture, only two cases of valve embolization, one case of conversion to conventional surgery and only one patient with a coronary compromise. More than half of the implantations were performed with conscious sedation. This is indicative of an improved periprocedural management, where the valve size is selected based on pre-operative CT or TOE measurements, a greater confidence to judge the immediate results of TAVI only based on angiography and haemodynamics and to manage complications, even with the patients being awake. The reduced invasiveness of the procedure, especially the lack of mechanical ventilation might have its benefits particularly in patients with severe pre-existing pulmonary disease.
One feared complication of TAVI is stroke, since it is often associated with permanent disability. In ADVANCE, stroke rates were low at 30-day and 12-month follow-up. This is consistent with results from recent registries, and considerably lower when compared with first in man studies using the CoreValve System and the data from the PARTNER study. 11,16 -20 Furthermore, ,50% of strokes in our study were recognized during the first 2 days. This finding strongly suggests that procedural factors such as discontinuation of anticoagulants in patients with atrial fibrillation, new onset atrial fibrillation and athero-and thromboembolism from the ascending aorta or the arch might influence neurological outcome. Further studies are necessary to address these issues.
In the early days of TAVI, paravalvular leak was not attributed much significance. However, it has become clear that PVR is associated with reduced late survival. 14,18 -20 These data are consistent with findings in the ADVANCE study, in which patients with moderate or severe PVR at hospital discharge had a cardiovascular mortality that was almost twice as high at 12 months when compared with those with none or only mild. All of these data, however, reinforce the need to reduce or eliminate paravalvular leaks in future device development, technological advances, and implant techniques. The rate of Medtronic CoreValve embolization was 0.2% and therefore extremely low. On the contrary, almost 30% of the patients were implanted with a permanent pacemaker at 30 days due to conduction abnormalities, which is well in line with recent data from FRANCE 2 (24.2% after CoreValve System) and the UK (24.4% after CoreValve System), but lower than that reported in the German Registry (39%). 11, 14, 20 The reason for the occurrence of heart block after CoreValve System implantation is probably multifactorial involving patient and procedural factors. 22 It may well be that on one hand a deep Medtronic CoreValve position might have prevented embolizations of the valve into the ascending aorta but on the other hand lead to a higher rate of permanent pacemaker implantations. Nevertheless, recent data suggest that changing the implantation strategy to include a target implant depth of 4-6 mm for the CoreValve bioprosthesis in the left ventricular outflow tract might reduce the rate of permanent pacemaker implantation to 10% in the absence of an excessive risk of valve embolization. 24 Hence, further studies are necessary to understand the association between implantation depths, transient and persistent rhythms disorders requiring pacemaker implantation. Subanalyses such as that of the PARTNER study and the UK Registry suggest that long-term survival after TAVI is a function of the pre-operative risk profile as indicated by logistic EuroSCORE or the STS score. 11,16 -19 To understand the importance of the preoperative risk profile on an outcome, we performed a subanalysis of ADVANCE and divided the study population in three groups according to the logistic EuroSCORE: ≤10%, .10% and ≤20% and .20%. At 30 days, the mortality rates among the three groups did not differ significantly. However, between 30 days and 12 months, the decline in survival was 8.5, 12.1, and 17.8% in those with a logistic EuroSCORE ≤10%, .10% and ≤20%, and .20%, respectively and was of cardiovascular origin in 21, 36, and 40% of the cases. These data are consistent with the notion that over the long term, patients with a high baseline logistic EuroSCORE continue to die from cardiovascular causes despite normalization of the aortic valve gradient, as well as from non-cardiovascular causes. Nevertheless, in ADVANCE the mortality rate at 12 months is generally low (17.9%), including the subset of patients with a logistic EuroSCORE .20% (mean logistic EuroSCORE 32.3 + 11.0%, 12-month mortality 23.6%) when compared with other registries or the PARTNER study (TAVI group; logistic EuroSCORE 26.4 + 17.2%, 12-month mortality, 30.7%: standard medical therapy; logistic EuroSCORE 30.4 + 19.1%, 12-month mortality, 49.7%), suggesting that TAVI using the CoreValve System by an experienced team is associated with a favourable outcome also in extreme-risk patients. 16 -19 The ADVANCE study has limitations: the total number of TAVI cases performed at the centres was larger than the number of patients that entered the ADVANCE study and some received other transcatheter valves. This was due to anatomical factors, decision of the patients, and the physician. Therefore, like in any other trial, we cannot exclude that a selection bias may have influenced the results and we are unable to report data from these patients treated outside of the ADVANCE study. In addition, the evaluation of AR by echo post-procedure was performed locally in the absence of a central echo core laboratory, which might have induced bias as well. About 25% of the patients had a logistic Euro-SCORE ,10% but were considered at high operative risk by the Heart Team consisting of a cardiologist and cardiac surgeon. It is highly likely that factors such as frailty, the presence of porcelain aorta or hostile chest-all factors not captured by the logistic Euro-SCORE-convinced the Heart Team to propose a TAVI in these patients. This is supported by the finding that the presence of liver disease was more frequent in the group of patients with the lowest EuroSCORE. All data reported as n/total n (%), means + standard deviation (n) and hazard ratios (95% CI). Univariable predictors significant at P ≤ 0.05 were included in the multivariable model.
to randomized trials may not be valid, this study does reflect expert clinical practice in real-world patients.
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